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1974.-Removal of potassium, with or without substitution of an equivalent amount of sodium, from the diet of dogs causes a prompt and persistent decrease in distal H+ secretion resulting in an increase in urine pH. The sequelae to this change include: I) decreased urine NH& titratable acid, and net H+ excretion. , 2) due to the resulting positive H+ balance, mild metabolic acidosis gradually develops; 3) renal NH3 production increases in response to the acidosis and NHJ+ excretion rises so that H+ balance is again restored; 4) on restoration of K+ to the diet, urine pH promptly falls, NHI+ excretion rises sharply, titratable acid excretion returns to normal, and the metabolic acidosis subsides in a few days. acid balance; potassium balance; hydrogen ion excretion A CLOSE RELATIONSHIP between renal potassium and hydrogen ion excretion has been recognized for Inany years. In early experilnents potassium chloride depletion was shown to result in nletabolic alkalosis and a "paradoxical" aciduria; potassiunl chloride loading, on the other hand, was reported to result in an alkaline urine. Since both I(+ and Hf are known to be secreted in the distal nephron, these observations led to the hypothesis that in this section of the nephron potassium and hydrogen ions cornpete for secretion by an ion punlp which preferentially transfers the nlore abundant ion into the tubular fluid (4-7). This sinlple and popular hypothesis became strongly entrenched in physiological teaching and still represents one of the best remembered items of physiological lore by many not actively involved in this area of renal physiology.
Situations in which potassium and hydrogen ion secretion behaves in a manner opposite to that predicted by the existence of a pump for which these ions compete have been known for some time, for instance, ammonium chloride acidosis (20, 25) During the course of balance studies on dogs in which dietary potassium content was varied, it was noted that removal of potassium from the diet is accompanied by a prompt decrease in the excretion of ammonium and titratable acid. Further investigation showed that these changes in H+ excretion are associated with an increase in urine pH which is sustained as long as the diet is free of potassium.
Over several days the positive H+ balance which results front the decrease in net H+ excre-, tion leads to a mild systemic metabolic acidosis which, by increasing NH If-excretion, then increases net acid excretion until it approximates the control value.
METHODS
Details of the balance Inethod used in these cxpcrirnents have been published previously (10). In brief, mongrel dogs were maintained in metabolic cages on 30 g/kg per day of a synthetic diet which is practically electrolyte free, and in particular contains less than 0.2 meq/kg of potassium. The diet was supplemented with known amounts of several salts according to one of two protocols, A or B, as described in the next paragraph.
All of the daily ration of food was eaten by each animal. during the second period which lasted 13 or 14 days; the first 3 and last 3 days of this period are defined as Periods IIA and IIB, respectively.
Period III. Recovery. The diet of Period I was resumed, restoring potassium intake. Period IV. High sodium intake. In two dogs after a g-day recovery period, 30 meq sodium chloride were added to the control diet without altering the potassium content. In protocol B, Periods I and 11. contained also 30 meq of sodium chloride.
Potassium chloride was removed from the diet in Period II without making any other change in electrolyte composition (Table  1 ). The duration of Periods I, II, and III with this protocol was 9, 7, and 4 days, respectively. Figure  1 shows the results of a representative experiment using protocol A. The horizontal lines in each section of the figure represent the average excretion rates for the control period. Daily values are shown as deviations above or below the average control value except for potassium excretion which is given as the total excretion rate per period. During the control period potassium intake was 30 meq/day and the urinary excretion rate was 24 meq/day; presumably loss of potassium in the stool accounted for the difference between intake and urinary output, but stools were not analyzed in these experiments. On day 10 potas- sium was removed from the diet, and in the next 2 days potassium excretion fell to less than 3 meq/day and remained there for the remainder of the potassium deprivation period.
RESULTS
Total urinary potassium loss in this experiment during Period II was 36 meq. Plasma potassium concentration, not shown in the figure, averaged 3.4 & 0.4 meq/liter (7 determinations) during the deprivation period as compared to 3.9 St 0.3 meq/liter (5 determinations) in Period I. On restoration of potassium to the diet on day 23, potassium excretion remained low for several days, then rose to the control level by about the 5th day. Extracellular volume, calculated from changes in chloride balance, increased in Period II by 130 =t 190 ml, a change which was not significant. Average urine volume in Period II was 391 =t 82 ml/ day, a decrease of 74 ml from Period I; there was no significant difference between urine volumes in Periods II and I...
Potassium deprivation was associated with a higher urine pH than during the control period.
In the experiment of Fig. 1 
When potassium was restored to the diet, the changes observed in i'eriod II rapidly reversed. On the 2nd day of Period III urine pH began to fall and reached a minimum of less than 6.0 on the 4th day. Ammonium, and to a lesser extent, titratable acid excretion rose in company with the fall in urine pH. At their peak on the 4th day, net H+ and NHd+ excretion exceeded the control average by over 50 %. Table 2 summarizes the data from all the protocol A experiments and shows that the changes illustrated in the one experiment of Fig. 1 
In the preceding experiments potassium was replaced by sodium during the deprivation period, keeping chloride intake constant, and it was possible that the observed effects on acid excretion were due to the extra dietary sodium rather than to removal of potassium.
To evaluate this possibility, in two experiments 9 days after restoring potassium, 30 meq/day of NaCl were added to the diet without changing the potassium content. The results are shown in Fig. 2 . A marginal increase (0.12 in experiment I and 0.15 in experiment 2) occurred in average urine pH. However, net H+ excretion did not decrease, indicating that the change in urine pH was insignificant.
Thus, addition of NaCl to the diet alone did not reproduce the changes in acid excretion observed when NaCl was substituted for KC1 in the diet.
In response to potassium deprivation, potassium fell to low levels in the urine. Urine pH rose and net Hf, NH& and titratable acid excretion fell (Period IIA). Urine bicarbonate showed no change. An important observation not discernible in the table is that urine pH rose within the 1st day after removing I(+ from the diet; the average urine pH on the 1st day of Period II was 6.56 Z/Z 0.08 compared to the control value of 6.25 =t 0.15; this rise was accompanied by appropriate decreases in NHd+ and titratable acid excretion, verifying the occurrence of this prompt pH change. By the latter part of this period (Period IIB), plasma HCOBhad fallen, urine pH was still high (6.52), and titratable acid was low (0.51 meq/h), but NHd+ excretion had risen to or slightly above the control level and because of this rise, net H+ excretion was close to normal. Plasma potassium concentration changed from an average control 
Eject of potassium deprivation on acid excretion and acid-base balance (protocol A)
In order to confirm that removal of potassium ion was responsible for the changes described above, another group of experiments was performed using a diflerent protocol. In contrast to protocol A, in which potassium was replaced with an equimolar amount of sodium, in the second set of experiments (protocol B) potassium chloride was removed from the diet but the sodium content was not changed. Table 3 shows the changes in average urine pH and net H+ excretion for the three periods in each of the four dogs studied. In one animal (4) the control (Period 1) urine pH was higher and the net H+ excretion rate was lower than in the other dogs, and no change in these measurements occurred in Period IIwhen potassium chloride was withdrawn. However, even in this animal restoration of potassium chloride caused urine pH to fall and net H+ excretion to rise. In the other three experiments responses identical to those observed with protocol A4 were obtained.
Urine pH rose significantly when potassium chloride was removed (Period 11) and f 11 h ' e w en it was put back in the diet (Period I---- 11.). Net H+ excretion decreased in each instance in Period II and rose sharply in Period III. Thus, the results obtained with both protocols A and B indicate that the observed changes in acid-base excretion result from alteration in potassium ion intake.
DISCUSSION
The present experiments demonstrate that K+ deprivation causes a prompt and persistent increase in urine pH, reflecting a reduction in the net rate of H+ secretion by the distal nephron.
The difference in urine pH between the control and K+ deprivation periods is confirmed by the predictable responses which followed K+ deprivation. Concomitantly with the rise in urine pH after K+ deprivation, both NHd+ and titratable acid excretion fall. Several variables affect these two components of acid excretion, but the only one known to alter both in the same direction is urine pH (24, 27). A n increase in urine pH decreases NHd+ excretion by decreasing nonionic diffusion of NH3 into the tubular fluid and thereby increasing the fraction of the renal ammonium pool leaving the kidney in the renal venous blood. Titratable acid is reduced when pH rises because of the physical-chemical principles governing the degree of dissociation of buffers; that is, a rise in pH of a buffer solution must be accompanied by a decrease in the quantity of H+ bound to buffer anions. Thus, in the kidney a decrease in distal H+ secretion results in an increase in urine pH which, through different mechanisms, produces a decrease in ammonium excretion and a decrease in titratable acid excretion.
Decreased NHdf and titratable acid excretion result in decreased net H+ excretion, and a positive H+ balance ensues if acid production rate remains constant, as it presumably did in these experiments.
Persistence of this positive H+ balance eventually results in metabolic acidosis, and the appearance of this acid-base disorder in the present experiments lends further credence to the described changes in urine pH and acid excretion.
The development of acidosis is an essential step in restoring Hf balance to normal (27 Another factor which can influence both K+ and H+ excretion is aldosterone.
Aldosterone administration has been shown to increase both K+ and H+ excretion (3, 23), although its effects on the latter have not been carefully evaluated. Presumably a reduction in aldosterone secretion could have the opposite effect, reducing the excretion of both ions. Plasma K+ concentration is known to regulate aldosterone secretion by a mechanism independent of the renin-angiotensin system (9, 14), and some evidence suggests that aldosterone secretion is extremely sensitive to the
